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DJUHH WKDW WKH JUHDWHVW XQFHUWDLQW\ VWHPV IURP WKH XQFRQWUROODEOH ILHOG YDULDEOHV*LYHQ WKH GLYHUVH QDWXUH RI ILHOG FRQGLWLRQV
HQFRXQWHUHGWKHUHH[LVWVQRUHOLDEOHDQGSURYHQPHWKRGRISUHGLFWLQJIUDJPHQWDWLRQ'XHWRWKHODFNRIDGHTXDWHILHOGFRQWUROVLW
LVXQOLNHO\WKDWDXQLYHUVDOSK\VLFDOPRGHOZLOOHYHUEHGHYHORSHGIRUDOOEODVWLQJ
7KLV SDSHU SUHVHQWV WKH UHVXOWV RI D WHVW FRQGXFWHG DW WKH +DGMDU (VVRXG TXDUU\ WR LQYHVWLJDWH WKH SUREOHPV DVVRFLDWHG ZLWK
GLVFRQWLQXLWLHV LQ WKH URFNZKLFKDUHDPRQJ WKH IDFWRUVFDXVLQJ WKH UHGXFWLRQRI WKH UHVLVWDQFHRI WKH URFNV WR WKHH[SORVLYHV
1HYHUWKHOHVVWKHGLVWDQFHEHWZHHQWKHMRLQWVWKHLUGLSDQGVWULNHDQGWKHSRVLWLRQRIWKHGHWRQDWRUSOD\DVLJQLILFDQWUROHLQWKH
ILQDOIUDJPHQWDWLRQRIWKHURFN,QWKLVZRUNZHVWXGLHGWKHUROHRIWKHDERYHPHQWLRQHGIDFWRUVRQPRGHOVRIOLPHVWRQHURFNRI
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RQ WKH GLVWDQFH EHWZHHQ DGMRLQLQJ FUDFNV WKHZLGWK RI MRLQWV DQG WKHLU UHODWLYH SRVLWLRQ ' ( )RJHOVRQ: ,
'XYDOO DQG 7&$WFKLVRQ  %UHDNDJH RI D MRLQWHGPDVVLI RI URFNVPRVWO\ RFFXUV DORQJ MRLQWV DQG LQ WKH
PRQROLWKLF EORFNV ZKLFK DUH QDWXUDOO\ JHQHUDWHG EHWZHHQ MRLQWV 7KXV DV WKH MRLQWV RI WKH EUHDNLQJ PDVVLI JHW
GHHSHUDQGWKLFNHUWKHVL]HRIWKHFDUULHGKHDSEHFRPHVVPDOOHU8/DQJHIRUVDQG%$.LKOVWU|PHW3$
5XVWDQ7KLVSKHQRPHQRQLVPRVWW\SLFDOIRUDURFNPDVVEURNHQE\V\VWHPVRIPXWXDOO\FURVVLQJMRLQWVZLWK
UHODWLYHO\ VPDOO GLVWDQFHV EHWZHHQ WKHP 1RWDEO\ SK\VLFDO DQG PHFKDQLFDO SURSHUWLHV RI WKH URFNV KDYH OHVV
LQIOXHQFHRQ WKHGHJUHHRI IUDJPHQWDWLRQ+RZHYHU LI FRDUVH EORFNV KDGEHHQ IRUPHGGXH WRPXWXDO FURVVLQJRI
MRLQWVKDYLQJUHODWLYHO\ODUJHGLVWDQFHVEHWZHHQWKHPWKHGHVWUXFWLELOLW\FKDUDFWHURIWKHPDVVLIDSSUHFLDEO\FKDQJHV
*%MDUQKROWDQG+6NDODUDQG*%MDUQKROWDQG+6NDODU 7KHUHDVRQIRU WKLVKDV WRGRZLWK WKH
EODVW ZDYH ZKLFK KDYLQJ UHDFKHG WKH MRLQWV¶ VXUIDFH LV UHIOHFWHG EDFN IURP WKHP 7KHUHIRUH WKH ZRUN RI WKH
H[SORVLYHLVRQO\H[HUWHGLQWKHOLPLWHGLQWHUYDORIMRLQWHGURFNPDVV7KHGHJUHHRIVKRFNZDYHUHIOHFWLRQIURPWKH
MRLQW VXUIDFH GHSHQGV RQ WKH ZLGWK RI WKH MRLQW $FFRUGLQJO\ ZLWK UHPRYDO IURP WKLV ]RQH WKH LQWHQVLW\ RI WKH




2Q WKH RWKHU KDQG LQ QDWXUH TXLWH RIWHQ WKHUH DUH URFNPDVVHV ZLWK D OD\HUHG VWUXFWXUH DQG LQ IDFW D SDUDOOHO
DUUDQJHPHQWRI MRLQWV+51LFKROOVDQG:,'XYDOODQG=*<DQJ7KLV LV W\SLFDO IRUURFNVRI
VHGLPHQWDU\RULJLQOLPHVVODWHVVDOWVHWF,QVXFKFDVHVWKHHIILFLHQF\RIEODVWLQJRIDURFNPDVVLIDOVRGHSHQGV































'HWRQDWRUVGLVSRVHG LQ WKH WRS WKHDYHUDJHRUGRZQRI WKHKROH7KHEXUGHQ LQDOOPRGHOVKDVEHHQDFFHSWHGDV
EHLQJHTXDOWRPP
7KH PRGHO ZDV SODFHG LQ D VWHHO ER[ RI GLPHQVLRQV  î  î  PP DQG FRYHUHG ZLWK UXEEHU WR DYRLG
VHFRQGDU\EUHDNDJH
$IWHUH[SORVLYHGHVWUXFWLRQRIHDFKPRGHO WKHEURNHQURFNPDVVZDVVXEMHFWHG WRVLHYHDQDO\VLVXVLQJJULGVZLWK
DSHUWXUHV       DQG  PP 0HDQ IUDJPHQW VL]H ZDV GHWHUPLQHG E\ WKH IROORZLQJ
HTXDWLRQ5-3U\RUV




 mi ni / mi   , mm     
:KHUHmi HTXDOVPDVVRIIUDJPHQWVUHWDLQHGLQEHWZHHQWKHiWKDQGiVWVLHYHDQGni PHDQVDSHUWXUHVL]HRIWKH
iWKVLHYH
7KLV KRZHYHU JLYHV H[WUDZHLJKWDJH WR ODUJHU IUDJPHQWV DV WKLV YDOXH FDQ EH GHWHUPLQHG HYHQ E\ WKHPDWHULDO
FROOHFWHGRQWKHWRSWZRVLHYHV







SHUIRUPLQJ WKH W\SH RI WHVWV UHSRUWHG LQ WKLV VWXG\ KDV JLYHQ XV YDOXDEOH H[SHULHQFH IRU IXWXUH PRGHO EODVW
H[SHULPHQWV 7KH OLPHVWRQH PDWHULDO SURSHUWLHV QHHGHG IRU D VWDQGDUG FDVH FDQ EH OLPLWHG WR ORQJLWXGLQDO ZDYH
YHORFLW\ WUDQVYHUVDOZDYHYHORFLW\GHQVLW\FRPSUHVVLYHVWUHQJWK XQLD[LDO WHQVLOH VWUHQJWK %UD]LOLDQ WHVW DQG
VKHDUVWUHQJWK
7KHGLVFXVVLRQRIWKHUHVXOWVLVGLYLGHGLQWRWZRSDUWVIUDFWXUHDQDO\VLVDQGIUDJPHQWDWLRQVWXGLHV$QDWWHPSWZDV
PDGH WR H[SODLQ WKH IUDFWXUH FKDUDFWHULVWLFV VXFK DV RYHUEUHDN RYHUKDQJV DQG WRH LQ HDFK PRGHO DIWHU EODVW
DFFRUGLQJWRWKHPXWXDOSRVLWLRQRIWKHGHWRQDWRUZLWKUHVSHFWWRWKHMRLQWRULHQWDWLRQV
 
3.1. Models with Joint Orientation Į = 0° 
3.1.1. Position of the detonator at the top of the hole 
,QWKLVEODVWWKHZKROHEXUGHQSHUSHQGLFXODUWRWKHEODVWKROHD[LVZDVWKURZQRXWDQGDEHQFKFUDWHUZLWKDQJOH
RIEUHDNZDVIRUPHG$IWHUDVVHPEOLQJWKHEURNHQIUDJPHQWVVL[UDGLDOFUDFNVZHUHIRXQGDURXQGWKHEODVWKROH$
FLUFXPIHUHQWLDO FUDFNZDV DOVR QRWLFHG EHKLQG WKH QHZ IDFH 7KH UDGLDO FUDFNV FDQ EH H[SODLQHG DV WKH UHVXOW RI
WDQJHQWLDO WHQVLOH VWUDLQV DV LQWHUSUHWHG E\ 8 /DQJHIRUV DQG % $ .LKOVWU|P  ,W DSSHDUV WKDW WKH
FLUFXPIHUHQWLDO FUDFNV ZHUH FUHDWHG E\ WKH UDGLDO WHQVLOH VWUDLQV GHYHORSHG E\ WKH GLIIHUHQWLDO UDGLDO PRYHPHQWV
EHWZHHQWKHVODEV7KHQGVODEFRQWDLQLQJWKHH[SORVLYHFKDUJHPLJKWKDYHPRYHGPRUHWKDQWKHVWDQGUGVODEV
ZKLFKZHUHIL[HGE\DQDGKHVLYHWRWKHQGVODE
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3.1.3. Position of the detonator at the bottom of the hole 





3.2. Models with Joint Orientation Į = 30° 





3.2.2. Position of the detonator at the center of the hole 
7KH EHQFK FUDWHU IRUPHG LQ WKLV EODVW KDV JRW VHYHUH WRHV DQG EDFN EUHDNV $V WKH FKDUJH LQ WKLV PRGHO ZDV









3.3. Models with Joint Orientation Į = 60° 






3.3.2. Position of the detonator at the center of the hole 
7KHVKDSHRIWKHEHQFKFUDWHUQRWLFHGLQWKLVEODVWZDVVLPLODUWRWKDWREVHUYHGLQWKHPRGHOZLWKWKHGHWRQDWRUDWWKH










3.4. Models with Joint Orientation Į = 90° 
3.4.1. Position of the detonator at the top of the hole 
7KHEODVWLQWKLVPRGHOFUHDWHGDZLGHFUDWHUZLWKOLWWOHWRH7KHIUDFWXUHSDWWHUQQRWLFHGDIWHUWKHUHDUUDQJHPHQWRI
WKHEURNHQ IUDJPHQWV UHYHDOHG WKHFRPELQHGDFWLRQRIEHQGLQJ VSDOOLQJDQG UDGLDO IUDFWXULQJ$V WKHFKDUJHZDV
SODFHGDWWKH,,MRLQWWKHJDVHVWULHGWRVHSDUDWHWKH,,MRLQWDQGWKXVGHYHORSHGDFDYLW\
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3.4.2. Position of the detonator at the center of the hole 
7KHEHQFKFUDWHULQWKLVPRGHOZDVQRWXQLIRUPDQGKDGVHYHUHWRH7KHWUDQVPLVVLRQRIWKHH[SORVLYHHQHUJ\WRWKH
QGVODEZDVSRRULQWKLVPRGHOEHFDXVHWKHFKDUJHZDVSODFHGLQWKHUGVODE7KDWLVZK\WKHQGVODEZDVSDUWLDOO\
IUDFWXUHG DQG UHPDLQHG DV WRH )UDFWXUH SDWWHUQ REVHUYHG DIWHU UHDVVHPEOLQJ WKH EURNHQ IUDJPHQWV LQGLFDWHG
FDQWLOHYHUEHQGLQJDFWLRQLQWKHQGVODE

3.4.3. Position of the detonator at the bottom of the hole 






3.5. Models with Joint Orientation Į = 120° 








3.5.2. Position of the detonator at the center of the hole 
7KHVKDSHRIWKHEHQFKFUDWHUREVHUYHGLQWKLVEODVWZDVVLPLODUWRWKDWQRWLFHGLQWKHPRGHOZLWKWKHGHWRQDWRUDWWKH
WRSRI WKH KROH EXW WKH EXUGHQ SRUWLRQ RI WKH UG VODE GLG QRWPRYH DQG UHPDLQHG DV WRH0RVW RI WKH H[SORVLYH
HQHUJ\VHHPVWRKDYHEHHQORVWEHFDXVHWKHFKDUJHLQWKLVPRGHOZDVSODFHGQHDUWKH,,MRLQW7KHUGVODEUHPDLQHG
DVWRHEHFDXVHRIWKHUHVLVWDQFHRIIHUHGE\WKHQGVODEDQGDVHYHUHORVVRIHQHUJ\$GHSUHVVLRQRQWKHXQPRYHG




3.5.3. Position of the detonator at the bottom of the hole 
7KHEHQFKFUDWHUREVHUYHGLQWKLVPRGHOZDVVLPLODUWRWKDWREVHUYHGLQWKHPRGHOZLWKWKHGHWRQDWRUDWWKHFHQWHURI




3.6. Models with Joint Orientation Į = 150° 
3.6.1. Position of the detonator at the top of the hole 
$VPDOOEHQFKFUDWHUZLWKVHYHUHRYHUKDQJVDQGOLWWOHRYHUEUHDNZDVIRUPHGLQWKLVEODVW,WDSSHDUVWKDWPRVWRIWKH
H[SORVLYH HQHUJ\ ZDV ORVW EHFDXVH WKH FKDUJH ZDV SODFHG QHDU WKH ,, MRLQW 7KH QG VODE ZDV FRDUVHO\ IUDFWXUHG
EHFDXVHRIWKHDEVRUSWLRQRIVWUHVVZDYHVE\,DQG,,,MRLQWV

3.6.2. Position of the detonator at the center of the hole 
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WKH JURZLQJ RI UDGLDO FUDFNV GXULQJ EODVWLQJ 8VXDOO\ WKH\ DOVR GHFUHDVH WKH VWUHQJWK RI WKH URFN DQG PDNH LW
GLIILFXOWIRUFUDFNVWRSDVVDFURVVWKHPDQGWKHUHIRUHWKHFUXVKHG]RQHDURXQGWKHEODVWKROHLVUHGXFHG3RVLWLRQLQJ
WKHGHWRQDWRUDWWKHFHQWHURIWKHYHUWLFDOKROHJDYHEHVWUHVXOWVIRUGLIIHUHQWMRLQWGLUHFWLRQV)DLUDJUHHPHQWKDVEHHQ
REWDLQHGEHWZHHQ WKHUHVXOWVRI IUDJPHQWDWLRQ IURPVPDOO VFDOHEODVWLQJDQG WKH.X]±5DP .X]QHWVRY±5DPPOHU
PRGHO 
)RUIXWXUHPRGHOH[SHULPHQWVGHWHUPLQDWLRQRIWKHOLPHVWRQHPDWHULDOSURSHUWLHVFDQIRUDVWDQGDUGFDVHEHOLPLWHG
WRPHDVXUHPHQWVRIORQJLWXGLQDOZDYHYHORFLW\WUDQVYHUVDOZDYHYHORFLW\GHQVLW\FRPSUHVVLYHVWUHQJWKXQLD[LDO
DQGWHQVLOHVWUHQJWK%UD]LOLDQWHVW7KHVHSURSHUWLHVGHVFULEHURFNVIRUWKHSXUSRVHVRIJURXQGSUHSDUDWLRQDQGJLYH
YDOXDEOHLQIRUPDWLRQLQEHQFKEODVWLQJ)RUH[DPSOHWKHWHQVLOHVWUHQJWKWHVWLVQHFHVVDU\LQEHQFKEODVWLQJEHFDXVH
WKHPDLQSDUWRIWKHPDWHULDOLVEURNHQLQWHQVLRQ

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